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►  Interfacial  interaction  of  ACC/PANI  is 
improved  by  the  addition  of  RGO. 

►  Charge  transfer  property  of  ACC/ 
PANI  is  improved  by  the  addition  of 
RGO. 

►  Compared  to  ACC/PANI,  ACC/RGO / 
PANI  shows  better  electrochemical 
properties. 
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Reduced  graphene  oxide  (RGO)  is  synthesized  and  added  in  situ  into  the  reaction  system  of  polyaniline 
(PANI)  electrodeposition  using  activated  carbon  cloth  (ACC)  as  the  substrate.  The  effect  of  RGO  on  the 
morphology,  structure,  and  electrochemical  properties  of  the  ACC/PANI  composite  is  investigated.  A 
more  compact  and  uniform  layer  of  PANI  film  is  observed  via  scanning  electronic  microscopy  after  the 
addition  of  RGO.  Raman  spectroscopy  shows  that  RGO  has  been  simultaneously  deposited  with  PANI 
onto  the  surface  of  ACC.  X-ray  photoelectron  spectroscopy  reveals  that  the  sample  with  RGO  exhibits 
a  higher  sulfur-to-nitrogen  ratio.  The  reversibility  of  the  redox  reaction  of  PANI  is  improved,  as  confirmed 
via  cyclic  voltammetry.  The  electrochemical  impedance  spectroscopy  data  shows  that  the  introduction  of 
RGO  lowers  the  charge-transfer  resistance  of  ACC/PANI,  meanwhile,  improves  the  coverage  percentage  of 
PANI  on  the  ACC  surface  to  a  significant  extent,  primarily  because  of  the  interactions  between  RGO,  ACC, 
and  PANI.  The  as-prepared  composite  with  RGO  shows  improved  rate  performance  and  cyclability  as 
a  supercapacitor  electrode. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Supercapacitors  have  drawn  considerable  attention  because  of 
their  high  power  density,  long  cycle  life,  and  potential  application 
in  electric  vehicles,  consumer  electronics,  and  other  devices  [1,2]. 
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Electrode  materials  play  an  important  role  in  the  performance  of 
supercapacitors.  Porous  carbon  materials  [3,4]  are  extensively  used 
as  electrode  materials  for  supercapacitors  because  of  their  large 
surface  areas  and  good  conductivity.  However,  the  energy  density 
and  specific  capacitances  of  porous  carbon  materials  are  relatively 
low,  which  is  unfavorable  for  micromation  in  electronic  devices.  To 
resolve  this  problem,  several  researchers  studied  the  composites  of 
porous  carbon  and  transition  metal  oxides  or  conducting  polymers 
that  provide  a  pseudocapacitance  [5-7].  However,  the  new  inter¬ 
face  between  two  phases  may  hamper  the  charge  transfer  when 
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these  composites  are  fabricated.  To  the  best  of  our  knowledge, 
although  several  reports  have  concentrated  on  the  effect  of  the 
interfaces  between  the  current  collector  and  the  composite  or 
between  the  composite  and  the  electrolyte  on  different  kinds  of 
electronic  devices  [8,9],  few  studies  have  focused  on  the  charge- 
transfer  resistance  of  the  composite  itself  as  well  as  the  interface 
between  the  two  components. 

Graphene,  which  is  a  single-layer  graphite  with  close-packed 
conjugated  hexagonal  lattices,  is  recognized  as  the  basic  building 
block  of  all  dimensional  graphitic  materials.  Its  unique  structure 
endows  graphene  with  various  superior  properties  such  as  high 
electrical  conductivity  and  charge-carrier  mobility,  good  trans¬ 
parency,  high  mechanical  strength,  inherent  flexibility,  and  large 
specific  surface  area.  Therefore,  graphene  has  attracted  much 
attention  during  recent  years  in  the  fields  of  microelectronic  and 
optoelectronic  devices,  energy  storage  materials,  electrocatalysts, 
polymer  composites,  and  ultrastrong  paper-like  materials  [10].  Pure 
single-layer  graphene  is  difficult  to  prepare  in  large  amounts,  and 
the  typical  product  is  usually  in  the  form  of  reduced  graphene  oxide 
(RGO).  RGO  not  only  has  good  electrical  properties  and  a  large 
conjugated  aromatic  ring  structure  similar  to  that  of  graphene, 
which  can  physically  interact  with  porous  carbon  materials,  but 
also  has  many  functional  groups  that  can  chemically  interact  with 
conducting  polymers.  Based  on  the  interface  formation  and  semi¬ 
conductor  electronic  theories  [11,12],  enhancing  the  physical  and 
chemical  interactions  between  two  phases  decreases  the  energy 
gap  width  between  the  conduction  and  valence  bands  of  the 
composite,  which  is  beneficial  for  charge  transfer. 

Compared  with  conventional  powder  materials,  self-forming 
electrode  materials  such  as  films  and  felts  are  more  attractive 
because  they  have  continuous  current  path  thereby  decreasing  the 
interparticle  resistance.  In  the  current  work,  an  activated  carbon 
cloth  (ACC)  with  a  specific  surface  area  of  2084  m2  g^1  is  used  as  the 
porous  carbon  substrate  because  of  its  flexibility  [13].  Polyaniline 
(PANI),  which  is  more  competitive  than  metal  oxides  when 
combined  with  RGO  [14],  is  deposited  onto  the  ACC  surface  via 
a  potentiostatic  method.  RGO  is  dispersed  into  the  reaction  system 
during  electrochemical  deposition  in  an  aqueous  medium  con¬ 
taining  H2SO4  to  improve  the  interfacial  interaction  and  charge- 
transfer  property  of  ACC/PANI.  Scanning  electron  microscopy 
(SEM),  Raman  spectroscopy,  X-ray  photoelectron  spectroscopy 
(XPS),  cyclic  voltammetry  (CV),  electrochemical  impedance  spec¬ 
troscopy  (EIS),  and  galvanostatic  techniques  are  used  to  investigate 
the  effect  of  RGO  on  the  morphology,  structure,  and  electro¬ 
chemical  properties  of  the  as-prepared  ACC/PANI  composite 
samples. 

2.  Experimental 

2.2.  Synthesis 

GO  was  prepared  from  natural  graphite  (20019128,  Sinopharm 
Chemical  Reagent  Co.  Ltd,  Shanghai,  China)  using  a  modified 
Hummers  method  [15].  RGO  was  produced  via  chemical  reduction 
according  to  literature  [16].  In  a  typical  process,  GO  (0.15  g)  in 
150  ml  water  was  sonicated  and  1.35  g  p-phenylene  diamine  (PPD) 
was  dissolved  in  150  ml  N,N-dimethylformamide.  The  colloid  and 
the  solution  were  mixed  and  refluxed  in  a  water  bath  at  90  °C  for 
24  h.  After  filtration  and  washing  with  acetone,  the  RGO  powder 
was  transferred  into  ethanol.  Afterward,  a  stable  RGO  colloid  in 
ethanol,  denoted  as  GE,  was  formed  via  mild  ultrasonication.  The 
RGO  concentration  in  the  GE  colloid  was  2  mg  ml-1. 

Aniline  was  distilled  with  zinc  powder  under  a  nitrogen  atmo¬ 
sphere  at  reduced  pressure.  The  resulting  colorless  liquid  was  kept 
in  the  dark  at  0  °C.  An  electrochemical  cell  was  assembled  in 


a  three-electrode  configuration,  in  which  the  counter  electrode  was 
platinum  (Pt),  the  reference  electrode  was  a  saturated  calomel 
electrode  (SCE),  and  the  working  electrode  was  ACC  with  a  fiber 
diameter  of  approximately  10  pm  (type  507-20,  Kynol,  Japan; 
0.30  pm  thickness).  The  total  deposition  area  of  the  ACC  was 
7.5  cm2,  with  an  area  density  of  66  g/m2,  and  the  separation 
between  Pt  and  ACC  was  2  cm.  ACC  was  attached  to  a  Pt  foil  using 
graphite  emulsion  (Xiyou  Graphite  Co.  Ltd.,  Qingdao,  China)  as  an 
adhesive.  A  50  ml  electrolyte  solution  of  1  M  H2SO4  and  0.05  M 
aniline  was  used  for  the  electrochemical  deposition  of  PANI  on  the 
ACC  electrode.  The  deposition  of  PANI  was  conducted  at  a  constant 
potential  of  0.90  V  for  1500  s  at  30  °C.  Subsequent  to  deposition,  the 
electrode  was  washed  with  distilled  water  and  dried  in  a  vacuum 
oven  overnight  at  60  °C.  This  sample  was  denoted  as  ACC/PANI.  On 
the  other  hand,  the  sample  designated  as  ACC/RGO/PANI  was 
synthesized  using  the  same  procedure  long  extended  for  ACC/PANI, 
with  the  addition  of  5  ml  GE  into  the  electrolyte.  Compared  with 
ACC  substrate,  the  weight  increase  of  ACC/PANI  and  ACC/RGO/PANI 
is  9.28  mg  and  16.65  mg,  respectively. 

2.2.  General  characterization  of  the  composites 

The  surface  characteristics  were  recorded  via  XPS  using  Thermo 
ESCALAB  250.  The  XPS  spectra  were  recorded  using  an  Al  Ka 
(hv  =  1486.6  eV)  irradiation  as  the  photon  source,  with  a  power 
density  of  150  W  and  a  pass  energy  of  20  eV.  The  surface 
morphology  was  observed  via  SEM  (JEOL  JSM6700LV).  The  Raman 
spectrum  was  taken  on  a  JY  Labram  HR800  Raman  microscope 
using  a  532  nm  excitation  to  analyze  the  scattered  light  from  the 
sample  surface.  The  laser  power  was  kept  low  at  approximately 
0.1  mW  to  avoid  sample  burning.  All  spectra  were  recorded  from 
400  cm-1  to  1700  cm-1.  The  microstructure  of  RGO  was  analyzed 
using  high-resolution  transmission  electron  microscopy  (HR- 
TEM,  JEOL,  JEM-2100)  and  X-ray  diffraction  (XRD,  Bruker  D8) 
spectroscopy. 

2.3.  Electrochemical  measurements 

Electrochemical  measurements  of  the  samples  were  performed 
on  a  CHI  660C  instrument  (Shanghai  Chenhua,  China)  using  a  three- 
electrode  system  at  ambient  temperature  and  1  M  H2S04  as  the 
electrolyte  solution.  A  Pt  foil  and  SCE  served  as  the  counter  and  the 
reference  electrodes,  respectively.  The  working  electrode  was 
activated  species  attached  to  a  Pt  foil  using  graphite  emulsion.  The 
weights  of  activated  species  such  as  ACC,  ACC/PANI,  and  ACC/RGO / 
PANI  were  2.54,  3.10,  and  3.40  mg,  respectively.  CV  and  galvano¬ 
static  charge-discharge  measurements  of  the  electrodes  were 
performed  in  the  0-0.7  V  potential  range  vs.  SCE.  EIS  was  con¬ 
ducted  at  the  bias  potential  of  0.5  V  with  potential  amplitude  of  ac 
5  mV  and  the  frequency  ranging  from  105  Hz  to  10~2  Hz. 

3.  Results  and  discussion 

The  SEM  images  of  the  samples  with  and  without  RGO  are 
shown  in  Fig.  1.  A  PANI  layer  is  clearly  formed  in  Fig.  la,  compared 
with  the  smooth  surface  of  ACC  shown  in  Fig.  SI  a.  The  product 
without  RGO  is  more  loose  and  porous  (Fig.  la).  The  exfoliation 
degree  is  sufficiently  high  based  on  the  TEM  image  of  RGO 
(Fig.  Sib).  The  RGO  nanosheets  are  stacked  after  drying  in  air 
(Fig.  Sic).  The  XRD  pattern  (Fig.  S2)  is  in  good  agreement  with 
previously  reported  results  [16]  and  the  carbon-to-oxygen  ratio  is 
5.7  (Table  SI),  indicating  that  RGO  has  indeed  been  fabricated. 
When  RGO  is  introduced,  a  compact  and  uniform  film  appears 
without  a  trace  of  pores  (Fig.  lb).  In  addition,  the  film  is  not  smooth 
but  has  a  considerable  number  of  microgrooves,  which  may  be 
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Fig.  1.  SEM  images  of  (a)  ACC/PANI  and  (b)  ACC/RGO/PANI. 


attributed  to  a  successful  incorporation  of  RGO  into  PANI  matrix  on 
the  ACC  surface. 

Raman  spectroscopy  is  used  to  confirm  the  existence  of  RGO 
deposition  on  the  ACC  surface  together  with  PANI.  The  Raman 
spectra  of  ACC,  RGO,  ACC/PANI,  and  ACC/RGO/PANI  at  low  and  high 
wavenumber  regions  are  presented  in  Fig.  2a  and  b  without  further 
smoothening.  ACC/PANI  and  ACC/RGO/PANI  show  the  same  spectra 
at  low  wavenumber  regions  but  with  different  peak  intensities  and 
sharpness.  The  band  at  around  420  cm-1  can  be  attributed  to  out- 
of-plane  amine  ring  deformations,  whereas  the  band  near 
520  cm-1  corresponds  to  in-plane  amine  ring  deformations.  Ring 
deformation  and  phenazine-  or  phenoxazine-like  segments  are 
identified  by  the  bands  at  around  575  and  624  cm-1.  The  peaks  at 
780  and  815  cm-1  correspond  to  imine  and  amine  deformation 
(C-N-C  bending),  respectively  [17,18].  In  Fig.  2b,  the  Raman  spectra 
of  pure  ACC  and  RGO  show  very  distinctive  peaks  for  the  D 
(1348  cm-1)  and  G  (1598  cm-1)  bands.  The  G  band  represents  the 
in-plane  bond-stretching  motion  of  the  C  sp 2  atom  pairs  (the  E2g 
phonons),  whereas  the  D  band  corresponds  to  the  breathing  modes 
of  the  rings  or  the  K- point  phonons  of  A\g  symmetry  [  19].  The  peaks 
at  1410  and  1560  cm'1  are  ascribed  to  phenazine-  or  phenoxazine- 
like  segments  [20].  The  C-H  bending  mode  in  the  benzene-  or 
quinone-type  rings  is  centered  at  around  1170  cm-1.  C-N+ 
stretching  at  around  1346  cm-1  and  C=N  stretching  vibration  in 
the  emeraldine  base  of  imines  at  approximately  1490  cm'1  are 
observed,  revealing  the  presence  of  the  PANI  structures  [21]. 
Compared  with  ACC/PANI,  the  ACC/RGO/PANI  composite  presents 


Fig.  2.  Raman  spectra  of  ACC  (black),  RGO  (red),  ACC/PANI  (blue),  and  ACC/RGO/PANI 
(olive).  [For  interpretation  of  color  in  this  figure  legend,  the  reader  is  referred  to  web 
version  of  the  article.] 


a  shift  of  the  C-N+  stretching  peak  toward  low  wavenumbers 
because  of  tt-tt  interaction  between  RGO  and  the  PANI  molecules. 

The  phenazine-  or  phenoxazine-like  segments  in  the  RGO 
structure  is  possibly  due  to  the  reaction  between  GO  and  PPD.  The 
presence  of  the  bands  at  1410  and  1560  cm'1,  which  derives  from 
RGO,  are  detected  in  ACC/RGO/PANI,  indicating  that  RGO  is  indeed 
incorporated  in  the  PANI  matrix. 

XPS  is  used  to  investigate  the  different  electronic  structures  of 
ACC/PANI  and  ACC/RGO/PANI.  The  C  Is  core-level  spectra  of  ACC/ 
PANI  and  ACC/RGO/PANI  are  presented  in  Fig.  3.  The  C  Is  XPS 
spectrum  is  deconvoluted  into  five  subpeaks,  which  are  related  to 
aromatic  C-H  (284.62  eV),  C-C/C-N/C=N/C=N+  (285.91  eV), 
C-N+/C=0  (287.5  eV),  O-C-O  (289.01  eV),  and  0-C=0 
(291.06  eV)  [16,22].  Compared  with  ACC/PANI  (Fig.  3a),  all  five 
peak  locations  for  ACC/RGO/PANI  (Fig.  3b)  shift  toward  a  lower 
binding  energy  (BE),  which  is  presumably  due  to  a  better  conduc¬ 
tivity  in  the  surface  of  ACC/RGO/PANI.  Better  conductivity  is  likely 
to  cancel  a  positive  charge  build-up  which  is  caused  by  a  loss  of 
photoelectrons  during  the  XPS  measurement.  The  C  Is  deconvo¬ 
lution  results  of  the  relative  atomic  concentrations  are  listed  in 
Table  1.  After  the  addition  of  RGO,  the  increase  in  the  atomic 
concentrations  of  C-C,  C-N,  C=N,  and  C=N+  at  285.55  eV  and  of 
C-N+  and  C-0  at  296.95  eV  from  26.0%  to  51.2%  and  4.3-15.8%, 
respectively,  further  confirms  that  RGO,  which  possesses  a  certain 
amount  of  C-C,  C=N,  C-N,  and  C-0  bonds  [16],  has  been 
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Binding  Energy  (eV) 


Fig.  3.  C  Is  XP  spectra  for  (a)  ACC/PANI  and  (b)  ACC/RGO/PANI. 

successful  incorporated  into  PANI  matrix.  This  result  is  consistent 
with  that  of  the  Raman  analysis.  The  atomic  concentration  of  the 
aromatic  C-H  decreases  from  58.9%  to  23.6%,  owing  to  the  intro¬ 
duction  of  RGO  who  contains  a  large  area  of  aromatic  and  conju¬ 
gated  structures. 

Fig.  4a  shows  that  the  deconvolution  of  the  N  Is  core-level 
spectrum  of  ACC/PANI  results  in  three  peaks  correlated  to  three 
different  electronic  states,  namely,  the  quinoid  imine  with  BE  at 
399.77  eV,  the  benzenoid  amine  with  BE  centered  at  400.73  eV,  and 
the  nitrogen  cationic  radical  (N+)  with  BE  at  402.5  eV.  Given  the 
existence  of  ACC,  the  BE  values  are  higher  than  that  reported  in 
literature  for  a  graphene/PANI  composite  [23].  On  the  other  hand, 
these  three  different  ACC/RGO/PANI  electronic  states  are  also 
observed  without  a  peak  shift  (Fig.  4b),  suggesting  that  RGO  has 
negligible  effect  on  the  chemical  environments  of  the  nitrogen 
atoms  in  the  PANI  molecular  chains. 

In  addition,  a  fourth  ACC/RGO/PANI  electronic  state  is  observed 
at  404.18  eV.  At  present,  the  ascription  of  this  state  remains  unclear; 
however,  this  finding  has  no  apparent  effect  on  the  conclusion  of 


Binding  Energy  (eV) 


Binding  Energy  (eV) 


Fig.  4.  N  Is  XPS  spectra  of  (a)  ACC/PANI  and  (b)  ACC/RGO/PANI. 


the  present  research.  The  obvious  change  in  the  atomic  nitrogen 
concentration  from  51.5%  to  62.5%  at  399.93  eV,  and  from  36.1%  to 
23.5%  at  401.35  eV,  as  shown  in  Table  1,  indicates  that  the  quantity 
of  the  quinoid  imine  structure  in  PANI  increases,  implying  the 
enhanced  extent  of  PANI  oxidation.  RGO,  which  has  a  considerable 
number  of  active  points,  may  act  as  a  catalyst  during  electro¬ 
chemical  oxidation  of  aniline.  The  results  of  the  elemental  chemical 
composition  as  determined  by  XPS  are  given  in  Table  SI.  The  carbon 
content  in  ACC/RGO/PANI  decreases  because  of  the  increase  in  the 
amount  of  the  other  elements.  The  sulfur-to-nitrogen  ratio  is 
related  to  the  level  of  doping  and  the  conductivity  of  sulfated  PANI 
[24,25].  The  value  changes  from  0.195  for  ACC/PANI  to  0.213  for 
ACC/RGO/PANI.  However,  the  value  of  RGO  is  just  0.153  (Table  SI), 
so  it  can  be  concluded  that  PANI  in  ACC/RGO/PANI  shows  better 
conductivity  than  that  in  ACC/PANI. 

The  potential  of  using  these  composites  as  electrode  materials 
for  supercapacitors  is  tested  via  standard  cyclic  voltammetry.  The 


Table  1 

C  Is  and  N  Is  deconvolution  results  of  the  relative  atomic  concentrations  (%). 
samples  C  Is  (atom%)  N  Is  (atom%) 

Aromatic  C-H  C-C/C-N/C=N/C=N+  C-N+/C-0  O-C-O  0-C=0  =N-  -NH-  N+  Not  clear 

582  26X)  43  23  82  5L5  36 4  12A  - 

23.6  51.2  15.8  6.7  2.7  62.5  23.5  9.2  4.8 


ACC/PANI 

ACC/RGO/PANI 
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Fig.  5.  (a)  Electrochemical  properties  of  ACC  (black),  ACC/PANI  (red),  and  ACC/RGO/PANI  (blue),  (b)  Nyquist  diagrams  of  the  experimental  (scattering  dot)  and  fitting  results  (solid 
line).  [For  interpretation  of  color  in  this  figure  legend,  the  reader  is  referred  to  web  version  of  the  article.] 


cyclic  voltammograms  of  the  two  different  electrodes  within 
a  potential  window  from  0  V  to  0.7  V  (vs.  SCE)  and  at  a  scan  rate  of 
5  mV  s^1  are  shown  in  Fig.  5a.  The  current  signal  is  immediately 
reversed  upon  the  reversal  of  the  potential  sweep,  indicating  the 
low  resistance  of  the  device  [26].  The  potential  difference  (AEac) 
between  the  anodic  and  cathodic  peaks  is  used  as  a  measure  of  the 
reversibility  of  the  electrochemical  redox  reaction,  that  is,  the 
higher  the  reversibility,  the  smaller  the  AEa  c  [27].  The  redox  reac¬ 
tion  of  PANI  in  ACC/RGO/PANI  is  more  reversible  than  that  of  ACC/ 
PANE 

The  electrode  materials  with  lower  resistance  in  the  super¬ 
capacitors  are  electrochemically  preferred  primarily  as  power 
devices  for  better  applicability.  The  complex-plane  impedance 
plots  of  the  two  electrodes  in  the  10-2  Hz  to  105  Hz  frequency 
range,  derived  from  the  EIS  and  conducted  at  bias  potentials  of  0.5  V 
with  an  ac  perturbation  of  5  mV,  are  shown  in  Fig.  S3.  The  partially 
enlarged  view  of  Fig.  S3  is  given  in  Fig.  5b.  The  Nyquist  plot  of  ACC 
displays  a  small  semicircle  at  high  frequency,  followed  by  a  transi¬ 
tion  to  linearity  at  low  frequency,  which  is  the  typical  feature  of 
activated  carbon.  Interestingly,  two  semicircles  are  observed  for 


ACC/PANI,  which  is  probably  due  to  the  poor  contact  at  the  phase 
interface  between  ACC  and  PANI  in  the  composite,  as  illustrated  in 
the  left  sketch  in  Fig.  6.  However,  only  one  semicircle  appears  in  the 
ACC/RGO/PANI  curve.  The  semicircle  is  closely  related  to  the 


Fig.  6.  Electric  equivalent  circuits  of  ACC/PANI  (left)  and  ACC/RGO/PANI  (right). 
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electron-transfer  process  and  the  electrical  conductivity  of  the 
electrode  material.  For  ACC/RGO/PANI,  the  radius  of  the  semicircle 
decreases  to  almost  one-third  of  that  of  the  ACC/PANI  electrode, 
indicating  a  dramatic  reduction  in  the  polarization  resistance.  The 
EIS  results  are  fitted  using  the  Zview  software,  and  the  equivalent 
circuits  are  given  in  Fig.  6.  The  values  of  the  circuit  components  are 
listed  in  Table  2.  Chi-square,  which  is  a  measure  of  the  quality  of  the 
fit,  shows  that  the  fitting  results  are  acceptable.  Furthermore,  the 
equivalent  series  resistance  [28]  (ESR  =  Rs+Ri+R2)  decreases  from 
4.97  Q  to  1.63  Q  after  the  addition  of  RGO,  which  is  in  agreement 
with  the  cyclic  voltammogram  results.  The  constant  phase  element 
(CPE)-T  is  related  to  the  surface  fractal  dimension  structure  [29]. 
The  smaller  the  CPE-P,  the  rougher  the  surface.  The  CPE-P  values 
are  in  good  agreement  with  the  SEM  analysis.  The  diffusion 
parameter  W-P  with  regard  to  the  finite  diffusion  characteristic  is 
nearly  0.5  [30].  Both  the  diffusion  resistance  W-R  and  the  diffusion 
time  W-T  become  smaller  for  ACC/RGO/PANI  because  of  the  good 
conductivity  of  RGO. 

The  bode  plots  are  shown  in  Fig.  5c  and  d.  The  phase  angle  of 
ACC/PANI  observed  at  low  frequency  is  nearly  -40°,  whereas  that 
of  ACC/RGO/PANI  is  nearly  -90°,  which  indicates  a  better  capacitive 
response.  At  the  intermediate  frequency,  the  phase  angle  shifts  to 
0°  and  remains  constant  over  a  wide  range  of  frequencies,  indi¬ 
cating  nearly  similar  resistance  responses  for  all  the  materials.  ACC/ 
PANI  has  two  time  constants,  which  is  consistent  with  the  equiv¬ 
alent  circuit  of  the  Nyquist  plot  illustrated  by  the  left  sketch  in  Fig.  6 
and  with  the  other  report  showing  two  RC  circuits  [31  ].  This  finding 
indicates  that  another  state  variable  exists  aside  from  the  electrode 
potential.  The  second  state  variable  is  believed  to  be  the  coverage 
percentage  of  ACC  by  PANI  [32].  Regarding  ACC/PANI  the  relatively 
poor  coverage  percentage  results  in  two  semicircles  in  its  Nyquist 
plot.  On  the  other  hand,  one  time  constant  for  ACC/RGO/PANI 
suggests  that  the  electrode  potential  is  the  only  state  variable, 
implying  that  the  ACC  surface  has  been  completely  covered  by  PANI 
and  RGO.  The  time  constant  of  ACC/RGO/PANI  is  6  ps,  which  is 
smaller  than  that  of  ACC/PANI  (74  ps)  and  indicates  a  higher  charge 
and  discharge  rate  [33].  After  PANI  is  deposited  onto  the  ACC 
surface,  the  number  of  time  constants  increases  from  one  to  two. 
However,  when  RGO  nanosheets  are  simultaneously  deposited 
with  PANI,  the  second  time  constant  disappears,  revealing  that  the 
coverage  percentage  at  the  electron-transfer  interface  between  ACC 
and  PANI  has  been  dramatically  improved  because  of  the  possible 
interaction  after  RGO  addition.  Given  the  higher  coverage 
percentage  in  ACC/RGO/PANI,  only  one  semicircle  at  high  frequency 
is  shown  in  the  Nyquist  plot. 

Fig.  5d  shows  that  ACC/RGO/PAIN  has  the  lowest  impedance 
value  among  the  three  samples.  Both  composites  have  higher 
specific  capacitances  than  pure  ACC  (Fig.  5e)  because  of  the  redox 


Table  2 

Values  of  the  equivalent  circuit  elements  obtained  by  fitting  the  experimental 
results  in  the  Nyquist  diagrams  represented  in  Figure  S3. 


Samples 

ACC 

ACC/PANI 

ACC/RGO/PANI 

Rs/Q 

0.61646 

0.49308 

0.33818 

Rl/Q 

1.651 

2.372 

1.29 

CPE1-Ta/F 

6.8956E— 6 

0.00072557 

0.0023792 

CPE1-P 

0.9324 

0.65016 

0.49714 

R2/Q 

— 

2.101 

— 

CPE2-T/F 

— 

0.074403 

— 

CPE2-P 

— 

0.61776 

— 

Wl-Rb/Q 

2.42 

2.355 

2.287 

Wl-T/s 

1.141 

5.747 

3.173 

Wl-P 

0.46856 

0.46689 

0.47493 

Square  of  Chi/  x  10  3 

2.1 

2.1 

3.9 

a  CPE  represents  the  constant  phase  element  and  is  defined  by  two  values,  CPE-T 
and  CPE-P. 

b  W  represents  the  Warburg  diffusion  impedance  and  is  related  to  R,  T,  and  P. 


pseudocapacitance  of  PANI.  The  difference  in  ESR  affects  the  rate 
performance  of  the  supercapacitor  [34].  The  specific  capacitance  of 
the  ACC/PANI  electrode  decreases  from  369  F  g-1  to  241  F  g'1  as  the 
current  density  increases  from  50  mA  g-1  to  5000  mA  g-1,  indi¬ 
cating  a  capacitance  loss  of  approximately  35%.  This  poor  rate 
performance  is  ascribed  to  the  low  electrical  conductivity  of  ACC/ 
PANI,  as  well  as  its  long  diffusion  time  and  large  electron-transfer 
resistance.  On  the  other  hand,  a  capacitance  loss  of  approximately 
21%  is  observed  as  the  current  density  increases  from  50  mA  g-1  to 
5000  mA  g-1  for  the  ACC/RGO/PANI  electrode.  The  cyclability  of  the 
electrode  is  also  tested  via  continuous  charge-discharge 
measurement  in  a  1  mol  L-1  H2SO4  electrolyte.  Fig.  5f  shows  the 
performance  of  the  different  electrodes  measured  at  a  current 
density  of  5  A  g-1  in  a  three-electrode  cell.  For  the  ACC/RGO/PANI 
electrode,  the  specific  capacitance  gradually  decreases  during  the 
first  500  cycles,  and  then  remains  stable  with  further  increase  in 
the  cycle  number.  Approximately  80%  specific  capacitance  is 
preserved  after  1000  galvanostatic  charge-discharge  cycles, 
showing  the  better  cyclability  of  ACC/RGP/PANI  compared  with  that 
of  ACC/PANI,  whose  specific  capacitance  continuously  decreases  to 
60%  of  the  initial  value,  which  is  even  lower  than  that  of  ACC. 

The  better  electrochemical  performance  of  ACC/RGO/PANI  is 
ascribed  to  its  structure,  which  has  improved  bond-bond  interac¬ 
tions  (Fig.  7).  First,  because  there  are  aromatic  rings  of  graphene 
[35]  and  oxygen-containing  groups  on  the  ACC  surface,  the  RGO 
nanosheets  can  attach  to  ACC  through  hydrogen  bonding  and  tt-tt 
stacking.  Given  the  conjugated  structure  in  larger  areas  and  the 
presence  of  certain  residual  oxygen-containing  groups  of  RGO,  the 
density  and  intensity  of  the  interactions  between  RGO  and  ACC  are 
stronger  than  those  between  PANI  and  ACC.  This  feature  is  bene¬ 
ficial  for  the  electron  transfer  on  the  interface.  Second,  apart  from 
tu-tt  stacking,  electrostatic  interactions,  and  hydrogen-bonding 
interactions  between  the  PANI  molecular  chains  and  the  RGO 
nanosheets  [36],  the  RGO  nanosheets  could  link  with  the  PANI 
molecular  chains  through  other  covalent  bonds.  It  has  been  proved 
by  earlier  literature  that  the  phenazine-  or  phenoxazine-like 
segments  in  the  RGO  nanosheets  found  in  the  Raman  spectra  can 
exist  in  the  backbone  of  PANI  chains  [37-39]  or  form  copolymer 
with  PANI  [40],  implying  that  the  phenazine-  or  phenoxazine-like 
segments  can  react  with  aniline  or  aniline  oligomers  to  form 
covalent  bonds.  This  kind  of  covalent  link  reduces  the  electron- 
transfer  resistance  between  different  PANI  molecular  chains.  The 
higher  intensity  and  density  interaction  between  the  RGO  nano¬ 
sheets  and  ACC,  the  covalent  bonds  and  other  interactions  with 
PANI  molecular  chains,  as  well  as  its  high  conductivity,  make  RGO 
nanosheets  suitable  for  reducing  the  interfacial  resistance  between 
ACC  and  PANI.  In  addition,  the  RGO  nanosheets  overlap  one  other, 
possibly  to  form  a  conductive  network  through  sheet  plane  contact 
[41],  which  also  facilitates  the  fast  electron  transfer  between  PANI 
and  ACC.  All  these  factors  lead  to  the  smaller  charge-transfer 
resistance  of  ACC/PANI  and  enhances  the  coverage  percentage  of 


Fig.  7.  Interactions  between  ACC  and  PANI  after  the  addition  of  RGO. 
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ACC.  RGO  facilitates  the  integration  of  PANI  with  ACC,  as  shown  in 
the  right  sketch  in  Fig.  6. 

4.  Conclusions 

In  the  current  work,  RGO  nanosheets  are  dispersed  into  the  PANI 
electropolymerization  reaction  system.  PANI  is  then  deposited  onto 
the  ACC  surface.  The  characterization  results  confirm  that  the  RGO 
nanosheets  have  been  successfully  deposited  onto  the  ACC  surface 
with  PANI.  By  contrast,  the  addition  of  RGO  nanosheets  promotes 
the  oxidation  and  doping  degree  of  PANI,  forms  a  conductive 
network  through  sheet  plane  contact,  and  enhances  the  interfacial 
interaction.  As  a  result,  better  electrochemical  performance,  such  as 
higher  electron  conductivity,  increased  reversibility  of  PANI  redox 
reaction,  better  rate  performance,  longer  cycle  life,  and  smaller 
charge-transfer  resistance  are  obtained.  RGO  may  have  a  potential 
application  in  reducing  the  charge-transfer  resistance  of  various 
composites  for  electrode  materials. 
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